Abstract -Because of finite amplitude effects in water or other low attenuation media, diagnostic ultrasound pressure pulses can have significant spectral content beyond 50 KHz. To record these pulses accurately, the hydrophone and its preamplifier must have a sufficiently broadband response.
Hmver, with both filter functions assigned realistic (i.e., non-unity) forms, combination can be chosen to restrictive frequency ratios because of the offsetting nature of the two filtering processes.
I. INTRO~CTION
Miniature ultrasonic hydrophones having polyvinylidene fluoride (PVDF) sensitive elements are the devices of choice for making measurements in high amplitude ultrasound fields 11, 21. Part of the reason lies in the potentially broadband response of these hydrophones.
However, in practical hydrophone designs the thickness resonance frequency may occur within the band of frequencies comprising the ultrasonic pulse being measured. E'urthenmre, some hydrophone amplifiers may not have adequate bandwidth to reproduce faithfully all pulsed waveforms, especially those of high center frequency or large amplitude.
To study the errors that might result from using non-ideal hydrophones and amplifiers, a d e l was developed to simulate a pressure pulse before and after hydrophone detection and amplification. The errors introduced by these two components were computed by comparing various pressure and intensity (pressure squared) parameters for the original and processed waveforms.
0090-5607/89/0000-106 1 $1 .OO 0 1989 IEEE The models for the pressure pulse, hydrophone, and amplifier are described in Section 11. Then in Section 111 the simulation results are presented, and in Section Iv recommendations are given for selecting the hydrophone resonance and amplifier corner frequencies relative to the center frequency of the pressure pulse.
11. PRESSURE PULSE, HYDROP-, AND AMPLIFIER
RESPONSE MODELS
A. Pressure Pulse Figure 1 shows the temporal pressure pulse pi (t) used in these simulations. m e expression for pi(t) is given in EQ. (1) and was taken from Ayme and Carstensen [ 3 1.
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Here p.(t) is the summation of 100 n-weighted, phase-shifted harmonics with fundamental (center 1 frequency f,, multiplied by a Gaussian envelope function. Q and t, control respectively the envelope width and time shift with respect to the sunmred sinusoids. In Fig. 1 p,(t) is plotted vs the scaled time fct, which was varied from 0 to 6, 6 being the number of cycles of the fundamental over which pi(t) was computed.
This pulse is representative of ones likely to be encountered in practice, in that it contains the compressional peaking, rarefactional rounding, and shock front formation associated with nonlinear ultrasound fields.
Four quantities were computed on this pulse before and after filtering: peak compressional (positive) pressure, p, , peak rarefactional (negative) pressure, p, , pulse pressure-squared integral, p 1 (indicative of the temporal average intensity), and pulse average intensity, I , , [ 4 ] .
B. Amplifier Response Model
A single-pole, low-pass filter was used to simulate the hydrophone amplifier response, Ha ( f) :
f being frequency and f being the low-pass corner frequency. A scaling term a = f,/f, was used to characterize the amplifier response. Thus, 
Three plots of the magnitude response, 1% (f) 1, are given in Figure 2 . In these plots the abscissa is the normalized frequency parameter f/f,, and the values for h are 2, 6 , and 10. Table I contains the results for fa/f, = 2, 4, 6 , 8 , and 10. . As can be seen from row 1 of the table, the most frequency-sensitive of the four quantities is p, , followed closely by I, and p2 I. This is not surprising, because of h e large bandwidth associated with these parameters, especially p,. On the other hand, the negative half-cycles, and thus p,, are relatively unaffected by changes in measurement bandwidth. Figure 4 contains a plot of p,(t) for H,(f)=l and fa/f -4, to illustrate the decrease in p, for p (t? as compared to the change in p, (cf. Fig.   19 . Note from Table I that for the errors in p I and I to be less than +5%, fa/fc must be greater than ' & u t
.

B. Hydrophone Response
Setting H (f)-1 in ( 6 ) , equivalent to an ideally flat ampfifier response, permits evaluation of H,.,(f). Similar to the above analysis, the Table I1 for fh/fc p : 2, 4, 6, 8, and 10.
The error in p, increases (that is, becomes more positive) before decreasing, reaching a peak at fh/fc = 6. The errors in p I and I , , are positive and quite large for low $/fc values, so the loss of the higher frequencies is more than compensated by the hydrophone's resonant peak. Thus, it is incorrect to assume uncritically that a limited measurement bandwidth always results in an underestimate of a pulse quantity value. Note from Table I1 that for the errors in p21 and I , , to be less than +5%, fh/fc must be greater than about 10.
A plot of p (t) for Ha(f)=l and f,,/f, = 4 is given in Figure 5 (cf. Fig. 1 ). The perturbations on the falling portions of the positive half-cycles are similar to the hydrophone resonance-related oscillations and inflection points that have been observed in actual measurements [ 4 , 61.
C. Combined Response
The effects of the cascaded response functions were examined by varying both fa/f and f /f from one to ten in steps of one, ana comqxlhtigg the
Scaled Time f C t Figure 4 -Plot of p,(t) for H,,(f)=l and fa/fc=4. Tables III-VI , and the data also are presented in Figure26 as four "error surfaces," one each for p, , p, , p I, and I ,. The independent variables are f /f from front (fa/fc=l) to back (fa/f,=lO), and f;/f" from left (f,,/f -1) to right (f,,/f,do). The erro'r is graphed vertlcally.
Two general observations may be made from these results. First, as f /f, increases for a given fh/fc, the p,(t) puke values also increase.
Second, as fh/f increases beyond 3 for a given f /f,, the po(t?) pulse values decrease. Below </f -3 the behavior is erratic and less predictable.
These observations say nothing about the absolute error; they just point out trends in the values of the pulse quantities. However, it may be noted that because of the offsetting nature of the two response functions, the amplifier response may be tailored to minimize errors, once a hydrophone resonance frequency is known. In most cases, an optimum design would be achieved by choosing fa to be equal to or slightly less than fh. For example, with f,,/f, = f /f, = 4, all errors were less than +5%. Figure ' f contains a plot of p,(t) for this srtuation. Because of the variety of plses, hydrophones, and amplifiers likely to be encountered in practice, the above analysis only approximates an actual measurement situation. However, it is believed that following the guidelines below when choosing hydrophone and amplifier bandwidths will help minimize the errors introduced by non-ideal frequency responses.
Choose the bandwidths of both the hydrophone and amplifier to be greater that 8 times that of the center frequency. 
